The radioisotope distribution following intra venous injection of 99ffiTc-labeled hexamethylpropylene amine oxime (HM-PAO) in the brain was measured by single photon emission computed tomography (SPECT) and corrected for the nonlinearity caused by differences in net extraction. The "linearization" correction was based on a three compartment model, and it required a region of reference to normalize the SPECT image in terms of regional cerebral blood flow distribution. Two different regions of reference, the cerebellum and the whole brain, were tested. The uncorrected and corrected HM-PAO images were compared with cerebral blood flow (CBF) image measured by the C1502 inhalation steady state method and positron emission tomography Several methods have been developed to mea sure cerebral blood flow (CBF) using single photon emission computed tomography (SPE CT), a tech nique well suited to routine clinical use. The 133 Xe clearance method is one of them. This method pro vides quantitative CBF data expressed in mll100 gl min (Kanno and Lassen, 1979) , a feature that is quite important in the practical use of the method. However, because of the rapid washout of 133 Xe and the soft radiation emitted by this radionuclide,
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(PET). The relationship between uncorrected HM-PAO and PET-CBF showed a correlation coefficient of 0.85 but tended to saturate at high CBF values, whereas it was improved to 0.93 after the "linearization" correction. The whole-brain normalization worked just as well as normalization using the cerebellum. This study consti tutes a validation of the "linearization" correction and it suggests that after linearization the HM-PAO image may be scaled to absolute CBF by employing a global hemi spheric CBF value as measured by the nontomographic 13 3Xe clearance method. Key Words: 99ffiTc-labeled hexa methylpropyleneamine oxime-Limited extraction Single photon emission computed tomography-Positron emission tomography-Gray to white matter ratio.
the spatial resolution of the 133 Xe-CBF tomograms is quite poor, on the order of 1.7 to 2.0 cm in full width at half-maximum (FWHM). 1 2 3 I-Iabeled iso propyl-p-iodoamphetamine (IMP) is retained in the brain in proportion to regional CBF (Winchell et aI. , 1980) and produces tomograms with better resolu tion. The use of 1 2 3 1 has, however, various draw backs related to costs, delivery timing, and dosim etry. Besides, the method is not quantitative and the behavior of IMP is not well understood; it can not be relied upon in all cases to image CBF distri bution (Kuhl et aI. , 1982; Lassen et aI. , 1983; Lu cignani et aI., 1985; Creutzig et aI. , 1986) .
A 99 ffi T c-labeled flow tracer has been sought for several years because the radiation characteristics of 99 mT c are well suited for SPE CT imaging. Re cently, 99 ffiT c-Iabeled d,l-hexamethylpropylene amine oxime (HM-PAO) has been synthesized by Neirinckx and co-workers (Nowotnik et aI. , 1985) . The lipid-soluble HM-PAO molecule is converted to a lipid-insoluble form in brain tissue, a form that is retained for many hours inside the brain. The uptake of HM-PAO in the brain reaches about 6% of the injected dose within 1 min. About 10% of the cerebral radioactivity is washed out of the brain over the following few minutes. However, thereaf ter, only negligible loss of the tracer is seen over many hours. Thus, HM-PAO behaves as a chemical microsphere quasipermanently trapped in the brain. However, as shown by residue curves obtained af ter intracarotid injection studies, the steady-state net extraction of HM-PAO is lowest in high flow regions (Lassen et aI. , 1987 ). An algorithm correct ing for the nonlinearity caused by the variations in net extraction was derived by Lassen et aI. (1987) .
The purpose of the present study was to examine the validity of the correction algorithm by compar ing the HM-PAO tomograms with CBF measured by PET. In addition, we propose a method for scal ing the HM-PAO image in terms of absolute CBF using a value for the global or average CBF of the whole brain. This approach for absolute scaling could be implemented by performing a single probe 133 Xe clearance study.
MATERIALS AND METHODS

SPECT study
The SPECT device used in the study was HEAD TOME II (Kanno et aI., 1981; Hirose et aI., 1982) , a cir cular ring type SPECT with a unique rotating collima tor. The HEADTOME II measures three slices simulta neously with a 35 mm axial interval. The image resolution was 10 and 12 mm in terms of the full width at half maximum (FWHM) at 10 cm off-center and at the center, respectively. The axial resolution is 15 mm in FWHM. The sensitivity for 99mTc is 20 X 103 cps/J.LCilml concen tration for a phantom with 20 cm in diameter. The energy window used was 140 keY ± 15%.
[99mTc]-HM-PAO was prepared in the sterile vial sup plied commercially by mixing with 5 ml saline with 99mTc and shaking for 10 s. Twenty millicuries of [99mTc]_ HM-PAO in saline solution was intravenously injected from the cubital vein. The SPECT scan was carried out 5 min after the intravenous injection. Usually, two or three scans were carried out. Each scan took 9 min and allowed the accumulation of about 106 counts per slice. A total of six or nine slices were obtained with 17.5 or 12 mm axial interval, respectively.
Image reconstruction was performed using a modified iterative method based on the weighted backprojection method (Tanaka, 1983 ; Kanno et aI., 1985a) . The recon struction method corrected for the scattered events as well as for attenuation effects and required a manually drawn contour for each image.
PET study
The PET device used was HEADTOME III (Kanno et ai., 1985b) , a three-ring five-slice machine. In the image plane, the resolution is 10 mm in FWHM, being almost uniform across the field of view. The axial resolution is 11 and 13 mm in FWHM for direct and cross slice tomo grams, respectively. CBF was measured using the C150Z inhalation steady state method (Frackowiak et aI., 1980) . During the con tinuous inhalation of C1502, the PET scan was started approximately 10 min after the onset of the inhalation. Usually two scans were carried out, so that a total of 10 slices was obtained simultaneously. The steady-state ra dioactivity distribution in the brain was calibrated into the CBF units of mVI00 mVmin using the arterial concentra tion of the radioactivity. The method was well established and the errors involved have been analyzed by several investigators (Lammertsma et aI., 1981; Herscovitch and Raichle, 1983; Kanno et aI., 1984) .
Subjects
The subjects were 4 normal volunteers (3 7.3 ± 9.3 years in age) and 11 patients with cerebrovascular disease (three with subarachnoid hemorrhage, four with intrace rebral hemorrhage, and four ischemic infarctions; 56.2 ± 9.3 years in age). All were studied both by [99mTc]_ HM-PAO SPECT and C150Z PET within an interval of maximally 1 week (Table 1) .
Linearization correction of HM-PAO
Because the net extraction of HM-PAO in the steady state is incomplete, the cerebral distribution of the tracer is not directly proportional to CBF. Therefore, a correc tion of the HM-PAO image was carried out using a three compartment model and the derivation of Lassen et al. (1987) . The relationship between tracer concentration in the tissue and the true CBF is expressed as (also see Fig. 1 ),
where C and Cr are the tracer concentrations in the region of interest (ROI) and in the reference region, respec tively;f andfr are the CBF in these regions, respectively; and a is the ratio of the conversion factor and the clear ance of backdiffusing tracer in the "reference region" as described by Lassen et al. (1987) . A high value of a means a high retention of the tracer, which implies that !lfr ap proaches ClCr (see Fig. 1 ). In our study, the regions of reference used were the cerebellum (the highest side in the case of diaschisis) and the whole brain.
Data analysis
U sing the image analysis system (DeAnza IP8500 and V AX 11/750), a ROI was placed on practically the same anatomical location on both SPECT and PET images. Three images of HM-PAO were analyzed, viz., the un corrected image, the corrected image obtained with nor malization by the average count rate of the cerebellum, and the one obtained with normalization by the average count rate of the whole brain. The corrected images were multiplied by the average of CBF obtained with steady state C1502 and PET in the "reference region" of the each subject. The PET image was already converted to CBF (Frackowiak et aI., 1980) . About 10 to 15 ROIs were selected in each subject, and a total of 144 ROIs were used in the analysis.
The values from the three images (uncorrected and cor- rected HM-PAO images and PET-CBF image, each as sessed from essentially the same ROI) were plotted in the scattergrams and the correlation coefficients and slopes of the linear regression lines were calculated. This se quence of analysis was repeated using different values for the coefficient ex in Eq. (1). Thus, we evaluated the "linearization" correction and tried to determine the op timal value of ex for each one of the regions of reference that was used for the normalization.
RESULTS
Typical results obtained from a normal volunteer and from a patient with a putaminal hemorrhage are
Tissue distribution of HM-PAO vs. CBF each normal ized by a region of reference. The abscissa represents the normalized CBF, and the ordinate the normalized tissue dis tribution. The curves were calculated using Eq. (1) and vary ing ex from 1.0 to infinity (1000). The curvature increases as the value of ex becomes smaller. A high ex implies a high re tention, which means that the relationship between these parameters approaches a straight line with slope 1 and going through the origin. 1988 shown in Figs. 2 and 3 , respectively. The HM-PAO images were very similar to PET-CBF images. However, the contrast between high and low flow areas was less in the uncorrected HM-PAO images than expected from the PET images. The two nor malization procedures using either the cerebellum or the whole brain gave virtually the same results. 
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The relationship between PET-CBF and the un corrected HM-PAO is shown in Fig. 4a . The HM PAO was normalized by counting rates of the cer ebellum. The correlation coefficient was 0.8S. The ClCr ratio showed a tendency toward "saturation" with increasing values of CBF. On the other hand, the relationship between CBF and HM-PAO after correction by Eq. (I) was more linear and resulted in a higher correlation coefficient (r = 0.93) (Fig.  4b) .
When we used the whole brain as the region of reference for normalizing the image, a similar result was obtained (Fig. S) . However, when a was 1.S (Fig. Sa) , the slope of the linear regression line was (A) showed a large high-density area with mass effect in the left putamen. HM-PAO-SPECT and PET-CBF studies (8)
were both carried out 5 days after the onset of symptoms. The images shown are the uncorrected HM-PAO images (top line), the corrected HM-PAO images (middle line), and the PET-CBF images. A marked focal reduction of CBF was clearly delineated in the HM-PAO images as well as a con comitant more diffuse reduction over the ipsilateral cortex region.
slightly steeper (1.11) than that for the cerebellum (0.88, Fig. 4b ). The slope approximated unity (1.02) when a was increased to 2.0 (Fig. Sb) .
The correlation coefficients of the scattergrams were calculated as a function of the a for both re gions of reference, the cerebellum and the whole brain (Fig. 6) . The cerebellum normalization con sistently gave higher correlation coefficients than normalization with the whole brain. However, as seen from Figs. 4b and Sa, the difference between the results obtained with the two regions of refer ence was actually negligible.
Slopes of the regression line of the scattergram were similarly calculated as a function of a, and for (1) with an ct value of 1.5] and normal ization to the individual's cerebellum. The abscissa represents the PET-CBF in ml/100 ml/min. The uncorrected HM-PAO CIC, ratio had a significant correlation coefficient (r = 0.85), but the scattergram was curvilinear the slope decreased as CBF increased). The corrected HM-PAO-CBF values were remarkable linear with respect to PET-CBF and a higher and statistically more significant coefficient of correlation (r = 0.93) was obtained.
both regions of reference (Fig. 7) . With whole-brain normalization, the slope varied markedly as a de creased. However, with cerebellum normalization, the slope was more stable over a wider range of a values.
The mean value of the gray to white matter ratio was also evaluated as a function of a (Fig. 8) . The gray matter was taken from the occipital cortex and the white matter from the centrum semiovale. With either region of reference, the gray to white matter J Cereb Blood Flow Me/ab, Vol. 8, Suppl. 1, 1988 ratios were found to lie between those of the PET CBF (2.8) and uncorrected HM-PAO images (1.6).
The gray to white matter ratios decreased w i th in creasing values of a. Correspondingly, the higher the a, the lower the image contrast. from the early reports (Volkert et al. , 1984; Ell et al. , 1985; Holmes et al. , 1985; Andersen et al. , 1985; Lindegaard et al. , 1986; Sharp et al. , 1986; Leonard et al. , 1986) . This study was undertaken to validate the HM-PAO method in humans by directly com paring it to the C I5 0 2 -PET technique, which is at present one of the most reliable techniques for CBF tomography. Before discussing the results obtained here, we will comment on the methodological errors in volved in the SPE CT and PET measurement techniques. A major error results from scattered radia tion affecting both types of images. In SPECT, the images were reconstructed employing the weighted backprojection technique (Tanaka, 1983) , later modified for the HE ADTOME II (Kanno et al. , 1985a) because of its unique geometrical design (Kanno et al. , 1981) . This algorithm reduced the scattered radiation to less than 10% in a uniform pool of radioactivity measuring 18 cm in diameter (unpublished data), which is far less than that with the original HEADTOME image (Kanno et al. , 1981). With PET, the effect of scattered radiation in the image is approximately 5 to 10% ( K anno et aI. , 1985b) . Thus, the errors involved in both measure ments were quite comparable to one another. The other important characteristic of the measurement was difference in the spatial resolution between the two instruments. The different spatial resolution provides a different partial volume effect. Fortu nately, the two devices have practically the same spatial resolution in the image plane. The slightly larger axial resolution in SPEC T may have reduced the gray to white matter ratio more than in PET. However, since the ROI was located on axially thick structures in this study, this effect may not be very important. Thus, the physical errors that influ ence the images obtained were comparable with both methods of CBF measurement. CBF measured by the steady-state C 15 02 method using PET is known to underestimate the actual value. This is thought to be due to a combined effect of tissue heterogeneity and a severe degree of non linearity of the relationship between tracer tissue distribution and CBF (Herscovitch and Raichle, 1983; Kanno et aI. , 1987) . However, the effect of tissue heterogeneity, which is enhanced by limited spatial resolution, is quite comparable for the two measurements. Nonlinearity also influences the measurement obtained from the distribution of HM PAO to almost the same degree. Underestimation in (1)]. Two normalizations, using the cerebellum (solid circles) and the whole brain (asterisks), were calculated. The cerebellum normalization showed only a slight change of the slope for a wide range of ex, but the slope was consistently lower than unity (0.85--0.91). With whole-brain normalization, there was a marked decrease of the slope as ex increased to 1.5; the slope approached unity at ex = 2.0 and conti ned to decline somewhat more slowly as ex increased to 3.0.
HM-PAO for a mixture of 50% gray and 50% white matter was 10--15%, whereas that in CBF obtained with steady-state C 15 02 and PET was 20%. There fore, a comparison of CBF obtained with HM-PAO and SPEC T and CBF obtained with steady-state C 15 02 and PET is not complicated by significant differences of methodological errors since they ap pear to influence both methods to a similar extent. The corrected HM-PAO values ofCBF were in a good agreement with PET-CBF values, while the uncorrected HM-PAO concentrations in the brain showed a tendency toward "saturation" with in creasing CBF, i. e. , the HM-PAO count rate in creased much less than CBF going from high flow values to even higher flow levels. The "linearization" correction method gave quite stable results over a wide range of ex values when using the cerebellum as the region of reference for normaliza tion. This is quite reasonable because using a high flow region as reference gives a small ratio of CICf' and hence only a moderate effect on the final image, with less variation when ex varies (see Fig. 1 ).
One drawback of the HM-PAO technique is an inherent lack of quantification of CBF in absolute units. Our results showed that the "linearization" correction gave practically the same result whether using the cerebellum or the whole brain as the re gion of reference. Thus, we suggest a scaling of the (1). The gray to white matter ratio of the corrected HM-PAO images was calculated for values of ex ranging from 1.0 to 3.0, with the normalization by the cerebellum (solid circles) and by the whole brain (asterisks). The gray matter region was the "visual cortex" in the occipital lobe and the white matter region was the centrum semiovale. The gray to white matter ratio of the corrected HM-PAO images were found to lie be tween that of the PET-CBF image (2.8) and the uncorrected HM-PAO image (1.6). With both normalizations, the gray to white matter ratio decreased as ex increased. The whole-brain normalization resulted in a slightly higher gray to white mat ter ratio than the cerebellum normalization.
HM-PAO tomograms in terms of absolute units of CBP using the whole brain as the reference region. This can easily be achieved by performing a single probe 133 Xe clearance study to obtain a reliable whole-brain blood flow value.
CONCLUSION
Distribution of intravenous HM -PAO in the brain as measured by SPEC T revealed a high correction with CBP as measured by the C 15 02 steady-state method and PET (r = 0.85), but there was a clear tendency toward saturation at high CBP values. The "linearization" correction using Eq. (1) re sulted in an increase in the correlation coefficient (r = 0.93) between the two measurements. As a re gion of reference for normalizing the image before the linearization, the average count rate of whole brain was tested and found to work almost as well as that of the cerebellum.
